The enzymatic reactions of geranylfarnesol (8) and its acetate 9, classified as sesterterpenes (C 25 ), using squalene-hopene cyclase (SHC) were investigated. The enzymatic reaction of 8 afforded 6/6-fused bicyclic 20, 6/6/6-fused tricyclic 21, and 6/6/6/6-fused tetracyclic compounds 22 and 23 as the main products (35% yield), whereas that of 9 afforded two 6/6/6-fused tricyclic compounds 24 and 25 in a high yield (76.3%) and a small amount (5.0%) of 26 (the acetate of 22). A significantly higher conversion of 9 indicates that the arrangement of the substrate in the reaction cavity changed. The lipophilic nature and/or the bulkiness of the acetyl group may have changed its binding with SHC, thus placing the terminal double bond of 9 in the vicinity of the DXDD motif of SHC, which is responsible for the proton attack on the double bond to initiate the polycyclization reaction. The results obtained for 8 are different to some extent than those reported by Shinozaki et al. The products obtained in this study were deprotonated compounds; however, the products reported by Shinozaki et al. were hydroxylated compounds.
A linear molecule of squalene (1) (C 30 ) is folded in all prechair conformation and affords pentacyclic triterpenes, hop-22(29)-ene (2) and hopan-22-ol (3) (ca 5:1), by enzymatic reactions using squalene-hopene cyclase (SHC) obtained from Alicyclobacillus acidocaldarius (Scheme 1) [1] . This polycyclization reaction proceeds with regio-and stereochemical specificity under precise enzymatic control, forming the 6/6/6/6/5-fused pentacyclic ring system with nine new chiral centers. The structures of the enzymatic products isolated from diverse site-directed mutants [1] show that the polycyclization reaction proceeds via the following intermediates: mono-, bi-, tri-, tetra-, and pentacyclic cations. The final proton elimination occurs exclusively from the (23Z)-Me group, not from the E-Me group, affording 2 (path a) [2] . The nucleophilic attack of a H 2 O molecule on the pentacyclic cation affords 3 (path b). Scheme 1: Polycyclization reactions of squalene (1) to hopene (2) and hopanol (3) .
We previously reported that SHC is highly tolerant to truncated and elongated substrates with carbon numbers C 15 -C 35 [3] [4] [5] . The truncated analogs, farnesol (C 15 ), geranylgeraniol (4) (C 20 ), and unnatural sesterterpene 5 (C 25 ), were incubated with SHC. The enzymatic reaction of farnesol (C 15 ) afforded three 6/6-fused bicyclic sesquiterpenes, drimane scaffolds, in a relatively high yield (64%); 4 (C 20 ) afforded a 6/6/6-fused tricyclic diterpene 10 in a low yield (12%); 5 (C 25 ) afforded three 6/6/6/5-fused tetracyclic products 11, 12, and 13 in 36% yield. Clearly, the terminal isopropylidene moiety is essential for initiating the polycyclization reaction; no cyclization reaction was observed for norsqualene lacking one of the two terminal Me groups [2] . Moreover, we have shown that the Me position on the squalene molecule determines the outcome of polycyclization. Squalene (1) is a symmetrical molecule; thus, the branched Me is positioned at C-15, not at C-14. The cyclization reaction of squalene analog 6 (C 30 ), bearing a methyl group at C-14 instead of C-15, afforded the 6/6/6-fused tricyclic product via a Markovnikov cation, albeit in a significantly low yield (7%) [6] . This cyclization reaction occurred via path a, not via path b; thus, the presence of a Me group at C-14, but lacking Me at C-15, stops the polycyclization at the premature stage, possibly because of the repulsive interaction between the Me group at C-14 and the recognition site. Squalene analog 7, bearing two Me groups at both C-11 and C-14, is also a symmetrical molecule, but did not undergo cyclization. Squalene (1) is folded in an all prechair structure, as shown in Scheme 1, where the Me group at C-11 in analog 7 is located on the α-face. The α-face recognition site for the B-ring formation is very compact, leading to the repulsive interaction with the Me group at C-11 and disordered conformation; thus, no cyclization reaction occurred [6] .
Recently, Shinozaki et al. reported that the SHC-catalyzed reaction of natural geranylfarnesol (8) with a methyl group at C-14 position afforded three 6/6/6/6-fused scalarane skeletons 15, 16, and 17, a 6/6/6-fused tricyclic product 18, and a monocyclic product 19 in a total yield of 23.6% [7] (Figure 1 ). Although monocyclic product 19 and tricyclic product 18 have been reported, no bicyclic product was isolated by them. We have reexamined the enzymatic reactions of 8 using SHC. Herein, we report the major products of 8; clearly, a bicyclic product was obtained by us. Moreover, the products isolated by us were different to some extent than those obtained by them. Further, the enzymatic reaction of geranylfarnesyl acetate (9) (acetylated 8) was investigated to better understand the reaction of the analogs of C 25 -substrate in more detail. Compounds 8 and 9 were synthesized by the method shown in Scheme 2 (Supplementary Data). Substrates 8 and 9 (1.0 mg each) were incubated overnight at the optimal catalytic conditions with wild-type SHC (2.0 mL of the cell-free homogenate) [2] [3] [4] [5] [6] 8] . The reaction was quenched by heating. The lipophilic materials were extracted with n-hexane. Excess Triton X-100 was removed by passing through a short SiO 2 column (n-hexane/EtOAc = 100:20 v/v). Figures 2A and 2B show the GC chromatograms of the nhexane extracts obtained from the incubation of 8 and 9, respectively. Compound 8 remained unreacted (51.3%). Four major peaks 20-23 were observed as the products (35%) besides many minor peaks (total 13.7%). On the other hand, the reaction of 9 afforded the cyclized products in a significantly high yield (92%): 65.1% for peak 24, 11.2% for peak 25, 5.0% for peak 26, and 10.7% for unidentified minor peaks. To elucidate the structures of products 20-23, a large-scale incubation was conducted using 62.5 mg of 8 and 200 mL of the cell-free homogenate from a 4 L culture of cloned E. coli. The n-hexane extract of the incubation mixture was subjected to SiO 2 column chromatography, eluting with a mixture of n-hexane and EtOAc (100:5 v/v), followed by 5% AgNO 3 -SiO 2 column chromatography, eluting with a mixture of n-hexane/EtOAc (100:5-100:10 v/v), thus isolating the pure products. A similar large-scale incubation experiment was conducted for 9. After the removal of excess Triton X-100, the n-hexane extracts containing the enzymatic products were purified by SiO 2 and 5% AgNO 3 -SiO 2 column chromatography, affording pure enzymatic products 24 and 25. The structures of the products were elucidated from their 1D and 2D NMR spectra (COSY, HOHAHA, NOESY, HMQC, and HMBC). Compounds 8 and 9 showed six olefinic methyl groups. NMR spectrum of 21 (600 MHz, C 6 D 6 ) showed one vinylic Me ( H 1.67, 3H, s, Me-25) and methylidene protons ( H 5.08 and  H 4.79, 1H each, bs, H-24), indicating that 21 is a tricyclic compound. Strong HMBC cross-peaks were observed for H-24/C-12 ( C 38.89, t), H-24/C-13 ( C 148.7, s), and H-24/C-14 ( C 56.92, d). Clear NOEs were observed between H-9 ( H 1.01, 1H, m) and H-14 ( H 1.69, m, 1H), strongly indicating that the side chain at C-14 is arranged in a -disposition. Thus, the structure of 21, including the stereochemistry, was elucidated as shown in Figure 3 . Product 22 showed no vinylic Me, indicating that the cyclization reaction was completed, and a tetracycle was assigned for 22. However, exomethylene protons (H-25) were observed at  H 5.02 (1H, s) and 4.77 (1H, s). In the HMBC spectrum, H-25 showed clear crosspeaks for C-16 ( C 38.16, t), C-17 ( C 148.0, s), and C-18 ( C 59.78, d), confirming that the double bond is located at C-17 and C-25. Definitive NOEs were observed between the following protons: H-9/H-14/H-18; thus, the structure of 22, including the stereochemistry, was elucidated as shown in Figure 3 . The HMBC and NOESY data of 23 were similar to those of scalarane (22). However, no exomethylene proton was observed in the 1 H NMR spectrum of 23; instead one olefinic Me proton ( H 1.90, 3H, s, Me-25) was observed. Thus, the structure of 23 was elucidated as shown in Figure 3 . The structure of product 24 was determined to be the acetate of 21 by analyzing the NMR spectra. Product 25 also had a tricyclic skeleton; two vinylic Me protons were observed ( H 1.70, 3H, s, Me-25;  H 1.83, 3H, s, Me-24). Me-24 showed clear HMBC cross-peaks for C-12 ( C 122.6, d), C-13 ( C 134.8, s), and C-14 ( C 55.24, d); thus, the double bond is located at C-12-C-13. A definitive NOE was observed between H-9 (1.22, 1H, m) and H-14 (1.71, 1H, m). The complete structure of 25 is shown in Figure 3 . Product 26 could not be isolated due to a low yield; the fragment ions shown in the EIMS of 26 were almost identical to those of 22. Their EIMS showed different M + values (m/z 400 for 26, but 358 for 22); the removal of AcOH (m/z 340, M + -60) from 26 was clearly observed in the EIMS of 26. The other major fragments were almost the same between them. These findings indicate that product 26 is the acetate of 22. Notably, the polycyclization reaction terminated at the premature cyclization stage. This may have occurred due to the repulsive interaction between the -oriented Me at C-14 and the active site residue(s) of SHC, as observed in the cyclization reaction of 6. Shinozaki et al. did not obtain a bicyclic compound such as 20. Moreover, all the products isolated by them were hydroxylated, except for 16 (16 = 22) , which were generated by the attack of H 2 O molecules on the respective cations. On the other hand, the major products isolated by us were deprotonated, even though the hydroxylated compounds may be present in the minor fractions that are yet to be identified. The yield of 8 was higher (48.7%) than that obtained by Shinozaki et al. Surprisingly, the cyclization yield of 9 was significantly high (92%), and the total yield of tricyclic compounds was 76.3%. The structural difference between 8 and 9 is the presence of an acetyl group in 9. The introduction of a lipophilic Ac group to 8 may have significantly altered the orientation of 9 in the reaction cavity, probably because of the hydrophobic interaction of the Ac group with the SHC cavity and/or the bulkiness of Ac. Especially, the isopropylidene moiety of 9 would be located in the vicinity of the DXDD motif because of the lipophilic Ac group; the acidic motif of DXDD is essential to initiate the cyclization cascade [8] , resulting in a higher yield.
OH
In conclusion, all the major products of the enzymatic reactions of 8 and 9 isolated by us were deprotonation products. Further, we demonstrated that bicyclic product 20 is indeed produced from 8. This result is different to some extent than those reported by Shinozaki et al. [7] . This study further confirmed the repulsive interaction between the Me at C-14 and the recognition site, as found in the reactions of 4, 6, and 7. Furthermore, 6/6/6-fused tricyclic compounds were obtained from 9 in significantly high yields; they constitute the fundamental core of cheilanthatriol with C 25 [9] and luteone with C 23 [10] .
Experimental
The general experimental procedures, methods for the synthesis of 8 and 9, and incubation conditions are reported in Supplementary data. 
